Many fMRI studies have examined the neural mechanisms supporting emotional memory for stimuli that generate emotion rather automatically (e.g., a picture of a dangerous animal or of appetizing food). However, far fewer studies have examined how memory is influenced by emotion related to social and political issues (e.g., a proposal for large changes in taxation policy), which clearly vary across individuals. In order to investigate the neural substrates of affective and mnemonic processes associated with personal opinions, we employed an fMRI task wherein participants rated the intensity of agreement/disagreement to socio-political belief statements paired with neural face pictures. Following the rating phase, participants performed an associative recognition test in which they distinguished identical vs. recombined face-statement pairs. The study yielded three main findings: behaviorally, the intensity of agreement ratings was linked to greater subjective emotional arousal, as well as enhanced high-confidence subsequent memory. Neurally, statements that elicited strong (vs. weak) agreement or disagreement were associated with greater activation of the amygdala. Finally, a subsequent memory analysis showed that the behavioral memory advantage for statements generating stronger ratings was dependent on the medial prefrontal cortex (mPFC). Together, these results both underscore consistencies in neural systems supporting emotional arousal and suggest a modulation of arousal-related encoding mechanisms when emotion is contingent on referencing personal beliefs.
Introduction
Imagine that while walking on a trail you almost step on a venomous snake. Now imagine that on a different day you hear that your state legislature supports increased public surveillance, which you strongly believe violates personal liberties. These simple examples illustrate the wide range of events that can drive an affective response. Whereas the emotions elicited by the snake may occur in a relatively rapid and automatic fashion, in other cases, emotion results from the appraisal of more abstract personal beliefs. Rather than being shared by most people (e.g., a similar fear response to a snake), belief-related emotions may be highly variable across individuals, as they depend upon referencing one's personal values Kesteren, Ruiter, Fernández, & Henson, 2012) that the hippocampus-which plays an important role during episodic encoding more generally-may preferentially support memory for novel information (Kumaran & Maguire, 2009) or arbitrary associations (Konkel & Cohen, 2009 ). In fact, several studies involving social judgments or self-reference have found that SMEs were characterized by activity in mPFC rather than the hippocampus (Gilron & Gutchess, 2012; Macrae et al., 2004) , which in one case preferentially responded to memory during a non-social sequence task on similar stimuli (Mitchell et al., 2004) . Taken together, this evidence points toward a particular mnemonic role for the mPFC in contexts where information is relevant along social or schematic dimensions and suggests it may underpin memory in the present study, where pre-existing personal beliefs are evaluated in response to the beliefs of other individuals.
The current study had three main goals. Our first goal was to test a behavioral paradigm for investigating belief-related emotions that: (a) was both ecologically valid and suitable for fMRI, (b) was internally and externally valid, (c) elicited significant emotional arousal, and (d) enhanced subsequent memory. Whereas previous fMRI paradigms have presented belief statements (e.g. Bruneau & Saxe, 2010; Gozzi et al., 2010) , these paradigms did not examine differential effects of belief evaluation on subsequent memory. To address goals A-C, we ran a separate behavioral normative study to identify a set of belief statements that covered a broad spectrum of socio-political issues, yielded desirable levels of internal/external validity, and generated emotional arousal (see Methods and Results). For the scanned task (Figure 1 referred hereafter as the Agreement with Beliefs Task -ABT), each belief statement was paired with an expressionless, unfamiliar face while participants rated the extent to which they agreed or disagreed with the statement (four-point scale encompassing strongly or weakly agree or disagree: SA/WA/WD/SD, with separate 'Don't Know' option). A separate associative recognition task phase followed this ABT phase. In the associative recognition task, participants were presented with intact face-belief statement pairs (identical pairs) or with pairs in which the face and accompanying belief statement came from different ABT trials (recombined pairs). Participants responded whether each pair was identical or recombined, and then made a confidence judgment about their decision. Responses to intact trials were then used to label agreement decisions trials from the ABT phase as either subsequently remembered or subsequently forgotten.
Our second goal was to investigate the neural mechanisms of emotional arousal associated with responses to belief statements. After confirming the link between emotional arousal and the intensity of agreement/disagreement responses in a separate behavioral normative study, the corresponding fMRI analyses identified emotional arousal-related activity by comparing high-arousal (SA/SD) versus low-arousal (WA/WD) judgments. Given that a wide range of stimuli are capable of producing affective responses in the amygdala (visual, auditory, olfactory; for a review see Zald, 2003) , it is reasonable to expect that emotional arousal elicited by strong agreement or disagreement with socio-political statements would also evoke robust activity in this region. Indeed as mentioned before, political stimuli can be emotional in nature and have been shown to elicit amygdala responses in individuals interested in politics (Gozzi et al., 2010) . Nevertheless, it is also possible that amygdala activity would not reflect differences in agreement intensity to short statements attributed to unfamiliar neutral faces. Although affective responses to a range of environmentally salient stimuli include rapid and sometimes automatic engagement of the amygdala (Diano, Celeghin, Bagnis, & Tamietto, 2017; Phelps & LeDoux, 2005) , arousal in the present context is contingent upon parsing relatively abstract information in the context of personal beliefs. This may involve increases in frontally mediated self-referential processing or other operations related to statement evaluation. Therefore, in addition to focusing on the amygdala as a region-of-interest (ROI), we also conducted an exploratory whole-brain analysis to investigate the effects of agreement intensity in other brain regions.
Finally, our third and most important goal was to investigate the neural mechanisms underpinning any enhancement in associative memory formation stemming from beliefrelated emotions. Using the subsequent memory paradigm (Paller & Wagner, 2002) , we identified regions showing greater encoding activity for face-statement pairs associated with higher memory scores during associative recognition, or subsequent memory effects (SMEs). In particular, we were interested in how later memory might vary as a function of agreement intensity, which would suggest an influence of belief-related emotional arousal on mnemonic encoding. Given the stimulus and task-related dimensions under which previous work has uncovered medial frontal SMEs, we hypothesized that the mPFC might support memory enhancement in the ABT, where emotional arousal stems from referencing personally held opinions.
Methods

Participants
Twenty-one young adults (11 women; mean age = 21.52 years, SD = 2.40 years) participated in the behavioral normative study and twenty-eight young adults in the fMRI study. fMRI participants were healthy, right-handed, native English speakers, with no disclosed history of neurological or psychiatric episodes. Four fMRI participant were excluded from the analyses due to a high rate of missing or 'Don't Know' encoding responses (>2SD above mean). One participant with motion in excess of the voxel size (3.8mm) was also removed, along with one subject that switched response options during the experiment making responses uninterpretable. The final sample contained twenty-two participants (11 women; mean age = 23.22 years, SD = 3.66 years; years of education = 15.55 years, SD = 1.77 years). All participants in each study gave written informed consent for protocols approved by the Duke University institutional review board.
The number of participants in the behavioral norming and neuroimaging studies was based on effect estimates and sample size from closely related studies on self-referential memory enhancement and mPFC function in social memory paradigms. In the context of behavioral work, the current experiments were adequately powered to detect effects of sizes similar to those reported in two meta-analyses of self-reference memory benefit-(d = 0.63; Bentley, Greenaway, & Haslam, 2017) and (d = 0.65; Symons & Johnson, 1997) . Our final fMRI sample (n = 22) was also comparable to or greater than n's used in similar neuroimaging (Gilron & Gutchess, 2012; Harvey et al., 2007; Kelley et al., 2002; Leshikar et al., 2016; Macrae et al., 2004; Mitchell et al., 2004) .
Stimuli
Stimuli consisted of 180 face-belief statement pairs. Face pictures of unfamiliar male and female individuals with neutral expressions were obtained from an online database (http:// agingmind.utdallas.edu/facedb/view/neutral-faces). All face pictures were presented in color on a black background. The belief statements, which ranged from 4-14 words (M = 9.05, SD = 1.84) and 32-89 characters (M = 58.89, SD = 10.79), consisted of an assortment of viewpoints on a spectrum of social (e.g., abortion, death penalty, immigration, etc.) and economic (e.g., public spending, taxes, etc.) issues. Belief stimuli presented to participants were either modified from stimuli used in a previously published neuroimaging study (Zamboni et al., 2009) , adapted from an online test gauging political attitudes (http:// www.politicalcompass.org/test), or were novel stimuli that we created in the laboratory for the purposes of this investigation. For every belief statement (90 stimuli), a statement expressing the opposing or counter-viewpoint (90 stimuli) was constructed in order to assess internal consistency and increase trial count. For example, if the original statement read, 'Thinks the law should limit experiments with human embryos,' its counter-viewpoint would read 'Supports increased funding for stem cell research.' The original viewpoint and counter-viewpoint statements shared few words in common to reduce memory interference between them.
All belief statements were presented in white text on a black background and appeared beneath face pictures. The pairing of faces and statements was fixed, but was arranged in such a way as to balance demographic features of faces across statements of each political viewpoint (liberal, conservative, independent). To compress variance associated with race, Caucasian faces with neutral expressions were used for all face pictures. As the age of the individuals depicted in the face stimuli was available (face age range: 18-93 years), we distributed face pictures representing different age segments equally among political statement categories, and the same was done for sex, resulting in an equal number of male and female faces across the entire study.
Behavioral methods
Behavioral normative study-The goal of this ancillary study was to gain a better understanding of the emotional dimensions comprising the agreement/disagreement-related judgments. A separate group of participants who did not take part in the imaging study were first presented with the socio-political belief statements used in the scanned-ABT and instructed to provide self-paced agreement responses on a similar 4-pt scale ranging from 'strongly disagree' to 'strongly agree' (or to respond 'don't know'). Instructions on using the 4-pt scale and the 'don't know' response options were identical to those provided to participants in the imaging study. Unlike in the imaging version of the task, after making each agreement rating, participants were further prompted to provide ratings of emotional arousal and issue knowledge, which occurred in a random order for each statement. The emotional arousal rating was on a 4-pt scale ranging from 1-'does not move me,' to 4-'moves me quite a bit' with a 'don't know' response option. Analogous response options (from 1-'not very knowledgeable', to 4-'very knowledgeable') were used for the knowledge question, which also included a 'don't know' option. Through the study, participants were encouraged to use the entire rating scale while making responses based on their personal political beliefs. Following the study, participants completed a brief written questionnaire. In the questionnaire, they were asked to indicate which of the following terms-very liberal, somewhat liberal, somewhat conservative, very conservative-best described their political orientation. For participants in the fMRI study, this question was included in an online survey that participants completed within one month of their scan session.
fMRI study-Prior to entering the scanner room, participants were introduced to the task and took part in an abridged practice version of the scanned paradigm so they would be familiar with task instructions and experimental conditions. The scan session consisted of twelve functional runs alternating between ABT and associative recognition task runs ( Figure 1 ). During each ABT run, participants were presented with 30 unfamiliar face-belief pairs and instructed to rate the degree to which they either disagreed or agreed (1 = strongly disagree, 4 = strongly agree) with the viewpoint ascribed to the accompanying person. Participants were further instructed to choose the 'don't know' response option if they held no knowledge of the issue contained in the statement. These types of responses were subsequently excluded from further analysis. Trials in ABT runs were presented for 6 s and separated by a jittered fixation period (2 s to 6 s) with a mean of 4 s.
During associative recognition task runs (Figure 1 ), participants viewed face-belief pairs from the previous ABT run. Of these, 20 pairs (two-thirds) were in identical format and 10 pairs (one-third) were in rearranged format. Participants were instructed to judge whether each pair was intact or recombined (memory probe), in addition to providing a corresponding confidence rating (confidence probe). Participants were instructed to respond 'intact' if they judged a given face-belief pair to be unchanged from the immediately preceding run and were instructed to respond 'recombined' if they believed the face and statement had not appeared together at encoding. Each memory probe trial was presented for 4 s and was immediately followed (with no jittered fixation period) by a confidence probe trial of 4 s during which participants made a subjective confidence rating (1 = very low, 4 = very high) for their intact or recombined decision. Each compound retrieval trial (memory probe and confidence probe) was separated by a jittered fixation period (2 s to 6 s) with a mean of 4 s (see Figure 1 ). The faces and statements presented in each associative recognition run were always drawn from the immediately preceding ABT run. The order in which each pair of runs (ABT and corresponding associative recognition) appeared was counterbalanced across participants, while the order of trial presentation within runs was random.
Because a main goal of the present investigation was to determine the influence of personal beliefs on subsequent associative recognition memory, trials during ABT runs were classified according to both ABT response and subsequent memory response. Agreement rating responses were analyzed in two ways: (a) agreement intensity (i.e. arousal) was measured by comparing high-intensity agreement (SA/SD collapsed) vs. low-intensity agreement (WA/WD collapsed), and (b) valence was measured by comparing agree (SA/WA collapsed) vs. disagree (SD/WD collapsed). With respect to subsequent memory, responses to intact trials on the associative recognition memory task runs were used to back-sort ABT trials, allowing us to examine neural activity associated with trials that were either subsequently remembered (correctly called intact) or subsequently forgotten (incorrectly called recombined) at different levels of confidence. The present investigation focuses exclusively on neural activity collected during the ABT (i.e. encoding) runs and does not address imaging data collected during the associative recognition memory task (i.e. retrieval) runs.
To calculate a corrected recognition score (hit-false alarm), recombined trials incorrectly classified as intact were classified as false alarms. To ensure no instances of either 100% or 0% hit and false alarm rates, we used a procedure recommended by several studies (Quamme, Yonelinas, & Norman, 2007; Snodgrass & Corwin, 1988) : hit rate was computed as: [(#Hits+0.5)/(total number of intact items+1)] and false alarm rates computed as: [(#FA +0.5)/(total number of recombined items+1)].
fMRI Methods
All MRI data acquisition was conducted with a 3-T GE scanner. Scanner noise was reduced with earplugs, and head motion was minimized with foam pads. Stimuli presented across the twelve functional runs were projected onto a mirror located at the rear of the scanner. Behavioral responses were recorded with two 4-key fiber-optic response boxes placed on the left and right hands respectively (Resonance Technology, Inc.), and when necessary, vision was corrected using MRI-compatible lenses that matched the distance prescription used by the participant. High-resolution T1-weighted structural images were collected using a 3D, T1-weighted FSPGR sequence (256 × 256 matrix, 96 slices, and 1.9 mm slice thickness). Functional images were acquired using a SENSE inverse-spiral sequence (64 × 64 matrix, TR=2000 ms, TE= 30ms, FOV = 24 cm, flip angle = 70°). Thirty-four contiguous slices were acquired in an interleaved fashion. Slice thickness was 3.8 mm, resulting in 3.75 × 3.75 × 3.8mm voxels.
Preprocessing and data analyses were performed using SPM5 software implemented in Matlab (www.fil.ion.ucl.ac.ul/spm/). After discarding the first five volumes of each run, functional images were corrected for slice time acquisition and motion. These images were then spatially normalized into the Montreal Neurological Institute (MNI) template and spatially smoothed using a Gaussian kernel of 8 mm FWHM. Two first-level models were constructed, one examining ABT responses collapsing across memory (i.e. irrespective of subsequent score on the associative recognition phase), and the second examining encoding processes with subsequent memory included as a parametric modulator. In each model, the evoked hemodynamic responses was modeled with a delta (stick) function corresponding to the onset of stimulus presentation convolved with a canonical hemodynamic response function in the context of the general linear model (GLM). Regressors for head motion and run mean were also included in each of the models, which differed only slightly in their designs.
The first model included 4 conditions of interest corresponding to each level of the ABT scale: 1 = strongly disagree (SD), 2 = weakly disagree (WD), 3 = weakly agree (WA), and 4 = strongly agree (SA), with an additional regressor for trials with no response or a 'don't Wing et al.
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Author Manuscript know' response. In the non-memory model, ABT regressors also included trials that were subsequently recombined. The second memory-related model had the same structure but included one additional regressor for these subsequently recombined trials, which had no memory score at encoding. For each of the 4 ABT conditions of interest, a linear parametric memory modulator was included, where values corresponded to subsequent memory outcome. To account for variability in the use of the 4-pt memory confidence scale across participants, three modulator levels were used, which corresponded to: 1) subsequent misses of any confidence rating 2) subsequent low-confidence hits (confidence rating values 1 and 2) and 3) subsequent high confidence hits (confidence rating values 3 and 4). For each of the models, individual subject contrasts for each of the 4 conditions of interest were generated at the fixed effects level. For each model, within-subjects contrasts were then generated for the main effects of arousal (strong vs. weak) and valence (agree vs. disagree), as well as for the arousal by valence interaction. For the first model, these contrasts corresponded to the overall effect of the ABT judgments collapsing across memory. In the second model, contrasts reflected a comparison of the parametric subsequent memory effect in each condition.
Planned contrasts were used to evaluate these main effects and interactions by submitting each within-subjects contrasts to a one sample t-test. Monte Carlo simulations were obtained using 3dClustSim (compiled January 2017) from the AFNI software package (Ward, 2000) .
With an uncorrected height threshold of p < 0.001, the p < 0.05 corrected cluster extent for the whole brain mask was 26 voxels. Given our hypotheses about the role of the amygdala in arousal, the threshold for the non-memory contrast of arousal (strong vs. weak) was p < 0.005 with a corrected cluster extent of three voxels calculated for an anatomical ROI of bilateral amygdala from the automated anatomical labeling (AAL) atlas (Tzourio-Mazoyer et al., 2002) . Given the small size of the amygdala mask, we also ran a confirmatory test of the arousal contrast across all voxels in the anatomical mask with an uncorrected threshold of p < 0.05.
Results
Behavioral results
Behavioral normative study-Our first goal was to test a paradigm for investigating belief-related emotions that was ecologically-valid, feasible for fMRI, and also internally and externally valid. In addition, the paradigm was designed to elicit substantial emotional arousal and produce differences in subsequent memory. To assess internal validity we measured the correlation between subjective agreement ratings made for originally endorsed viewpoints (e.g., 'Thinks the law should limit experiments with human embryos') and companion counter-viewpoints for each belief (e.g. 'Supports increased funding for stem cell research'). Ratings for opposing versions of each belief were first correlated within subject and then averaged together to form a group correlation. A one-sample t-test was then performed to determine whether the group correlation was significantly different from a chance level of zero. Supporting the internal validity of the belief stimuli, we found a negative correlation (mean within-subject r = −0.35, SD = 0.11) between the original and counter-viewpoint versions of each belief, which was significantly different from chance 
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Author Manuscript (95% CI: −0.40 to −0.30); t(20) = −14.58, p( two-tailed ) < 0.001). A significant negative correlation (r = −0.45, SD = 0.19; 95% CI: −0.53 to −0.36; t(21) = −10.83, p( two-tailed ) < 0.001) was also found when evaluating the subjective agreement ratings provided by those participating in the imaging study.
To assess external validity, we compared the subjective agreement ratings for participants in the normative study that were self-identified liberals (n = 14) or conservatives (n = 7). Although these groups were not matched in size, Levene's Test for Equality of Variances was not significant and an independent sample t-test was performed. For belief statements traditionally endorsing a liberal stance, self-identified liberals had significantly higher subjective agreement ratings (M = 3.04, SD = 0.20) compared with self-identified conservatives (M = 2.61, SD = 0.28), t(19) = 3.967, p ( two-tailed ) = 0.001. By contrast, for belief statements traditionally endorsing a conservative stance, self-identified conservatives had significantly higher subjective agreement ratings (M = 2.14, SD = 0.21) compared with self-identified liberals (M = 1.82, SD = 0.281), t(19) = −2.64, p ( two-tailed ) = 0.016. We also compared subjective agreement ratings for participants in the imaging study that were selfidentified liberals (n = 11) or conservatives (n = 4). The number of participants reflects those who completed the online questionnaire assessing political affiliation. An independent sample t-test revealed that for belief statements endorsing a liberal stance, self-identified liberals had significantly higher subjective agreement ratings (M = 3.23, SD = 0.29) compared with self-identified conservatives (M = 2.62, SD = 0.25), t(13) = 3.67, p ( two-tailed ) = 0.003. By contrast, for belief statements endorsing a conservative stance, self-identified conservatives had significantly higher subjective agreement ratings (M = 2.36, SD = 0.20) compared with self-identified liberals (M = 1.73, SD = 0.19; t(13) = −5.52, p ( two-tailed ) < 0.001). While we acknowledge that ratings provided by self-identified conservatives for both liberal and conservative stances do not differ greatly, it is important to consider that there were very few self-identified conservatives in our sample (N = 4), with all identifying themselves as merely 'somewhat conservative.' Testing a larger number of self-identified conservatives who strongly identify with this political ideology may be fruitful in terms of further testing the external validity of the ABT.
Lastly, we investigated whether or not the ABT can elicit significant emotional arousal. Participants in the normative study rated their emotional arousal (from 1 = "does not move me" to 4 = "moves me quite a bit"). We measured emotional arousal by comparing high arousal (SA/SD) to low arousal (WA/WD) judgments. Mean emotional arousal ratings for strongly disagree (SD), weakly disagree (WD), weakly agree (WA), and strongly agree (SA) judgments are plotted in Figure 2 -A. A 2 (Arousal: Strong vs. Weak) × 2 (Valence: Disagree vs. Agree) repeated measures ANOVA showed that the most pronounced differences in subjective ratings were related to agreement intensity (Strong vs. Weak), which showed a significant main effect [F (1, 20) = 84.79, p < 0.001], with pairwise LSD contrasts confirming significantly higher emotional arousal ratings for SD than for WD (p < 0.001) and for SA than WA (p < 0.001). The effect of valence was more subtle than that of arousal, but also showed a significant main effect [F (1, 20) = 6.62, p = 0.018], and the interaction was also significant [F (1, 20) = 6.16, p = 0.022]. Thus, we found that ABT responses elicited substantial emotional arousal, particularly in instances where participants reported strong vs. weak agreement or disagreement with the statements.
In-scanner behavior-Responses for the scanned ABT task were well distributed, with a similar proportion (with SEM) of trials falling into each of the 4 main conditions [SD: 24.1% (5.1%); WD: 24.3% (5.1%); WA: 23.9% (5.1%); SA: 23.2% (4.9%); Don't Know: 4.5% (1.0%)]. We focused on response times (RTs), which represent the main behavioral measure given that the ABT responses are neither correct nor incorrect. As illustrated by Figure 2 Confirming the memory-related dimension of ABT judgments, a 2 (Arousal: Strong vs. Weak) × 2 (Valence: Disagree vs. Agree) repeated measures ANOVA on overall hit rates revealed a significant main effect of Arousal [F (1, 21) = 11.38, p = 0.003)] with pairwise LSD tests confirming significantly higher overall hit-rates (collapsed across all confidence levels) for SD than WD trials (p = 0.011) and for SA compared to WA trials (p = 0.020).
Neither the main effect of Valence [F (1, 21) = 0.002, p = 0.970] nor the interaction [F (1, 21) = 0.073, p = 0.790)] were significant.
The effects of ABT judgments on associative recognition were particularly clear when focusing on the most confident recognition responses ('very high' confidence; level 4). As illustrated in Figure 2 -C, the proportion of very high-confidence hits shows a clear Ushaped function reflecting better memory for strong judgments (SD/SA) than for weak judgments (WD/WA). Results of a two-way repeated measures ANOVA with factors of Arousal and Valence revealed a significant main effect of emotional arousal on highconfidence hit rates [F (1, 21) = 17.02, p < 0.001]; however, there was no significant main effect of valence [F (1, 21) = 0.30, p = 0.59]. The interaction showed a trend towards significance [F (1, 21) = 4.20, p = 0.053], with a greater difference in very high confidence hits between strong vs. weak disagree comparisons relative to strong vs. weak agree comparisons. One potential caveat in the memory results is the interleaved encoding- 
Author Manuscript retrieval block structure, which was designed to achieve a reasonable level of hits and misses. Overall memory discriminability did not change across runs, as evidence by a 1 × 6 repeated measures ANOVA on d-prime [F (5, 105) = 0.99, p = 0.428; linear test: F (1, 21) = 0.36, p = 0.556]. However, while a corresponding test of bias showed no large differences between runs [F (5, 105) = 1.96, p = 0.09], a small but significant increase in bias across the study was evident from a test of the linear trend [linear test: F (1,21) = 5.55, p = 0.028].
Despite this, the overall influence of belief-related emotions in the ABT was found to have a robust impact on subsequent memory and this impact was mediated by arousal (strong vs. weak) rather than valence (agree vs. disagree). Furthermore, better memory for strong (SD/SA) judgments cannot be attributed to longer encoding time because these judgments had faster RTs than weak (WD/WA) judgments (see Figure 2-B ). For the same reason, larger SMEs for strong vs. weak judgments cannot be attributed to differences in time-on-task.
fMRI results
As described above, we analyzed fMRI data as a function of participant ratings during the ABT task. Initially, we looked at ABT responses collapsed across memory and examined contrasts showing a main effect of arousal (SD/SA vs. WD/WA judgments) or valence (SA/WA vs. SD/WD judgments) as well as the interaction. We then examined subsequent memory effects for these conditions by modulating each trail type by a parametric regressor coding for subsequent memory score. Below, we consider brain activity associated with arousal, valence, and the impact of these factors on subsequent memory.
Our second goal was to investigate the neural mechanisms of belief-related emotional arousal, which we identified by comparing activity for SD/WD judgments to activity for WD/SA judgments. Given that we had a strong prediction about the amygdala, we performed an ROI analysis on this region. As illustrated by Figure 3 , the results confirmed our prediction: clusters in both the left and right amygdala showed greater activity for strong (SD/SA) than weak (WD/WA) judgments, with more extensive effects in the right amygdala (see Figure 3 ). In addition to this cluster-based analysis, a confirmatory test showed a significant difference between strong and weak agreement conditions based on the average activity across all voxels in the bilateral anatomical amygdala mask [t(21) = 2.28, p = 0.017]. After confirming this prediction, we performed a whole-brain analysis to identify other brain regions showing emotional arousal effects, as well as those that showed effects of valence or an arousal by valence interaction. As listed in Table 1 , regions showing greater activity for strong (SD/SA) than for weak (WD/WA) judgments included medial PFC (largely within the anterior cingulate cortex/ACC), ventrolateral PFC (right inferior frontal gyrus), and right superior temporal gyrus. For the reverse pattern of greater activity for weak (WD/WA) than strong (SD/SA) judgments, no clusters survived the corrected threshold.
In examining the main effect of agreement, the contrast of agree vs. disagree revealed a region in occipital cortex with higher activity for agree than disagree trials, with additional clusters showing the same direction of effects in ACC and orbitofrontal cortex (Table 1) . No regions showed significantly greater activity for disagree than agree, while tests for interactions showed only a single region in precentral gyrus (SA > WA vs. SD > WD).
Finally, we turned to our third and most important goal, which was to investigate the neural mechanisms of the enhancing effect of belief-related emotion on subsequent memory. We compared differences in the size of SMEs (defined by the three-point linear parametric of subsequent memory score) as a function of arousal and valence. To this end, we found an emotional arousal (SD/SA > WD/WA) × subsequent memory (positive increase) interaction in a single region of mPFC (maxima: x = 4, y = 49, z = −11) (see Figure 4 -A; Table 1 ). As illustrated by Figure 4 -B, this region showed larger SMEs for strong (SD/SA) than weak (WD/WA) judgments both for disagree and agree, with a numerically larger difference in the former. No brain region showed the reverse effect of larger SMEs for weak (WD/WA) than strong (SD/SD) judgments. Additionally, we found no brain regions showing memorymodulated main effects of valence, or memory-modulated arousal by valence interactions. This finding suggests that the impact of belief-related emotion on subsequent memory reflects emotional arousal rather than valence. Interestingly, the amygdala did not show arousal-related subsequent memory effects, and no other regions showed an overall main effect of subsequent memory at the cluster corrected threshold. Although regions like the MTL often appear in general contrasts of successful episodic encoding (Kim, 2011) , the frontal location of subsequent memory effects here matches findings from related work in which the social aspect of stimulus or task-orientation was explicitly manipulated (Harvey et al., 2007; Mitchell et al., 2004) . Furthermore, while the amygdala has often been implicated in memory enhancing effects of emotion for basic emotional stimuli (e.g., affective pictures), the present results suggest that the mPFC may be pivotal for subsequent memory when emotion relates to personal beliefs.
Discussion
Whereas the vast majority of behavioral and fMRI studies on emotional memory have focused on emotions not mediated by complex personal beliefs, we investigated emotions closely linked to the individual opinions of each participant. The current study had three main goals. Our first goal was to test a paradigm that, in addition to being ecologically-valid and scanner-friendly, would be internally and externally valid, would elicit significant emotional arousal, and would enhance subsequent memory. Assuming this paradigm would generate significant emotional arousal, our second goal was to identify the neural mechanisms mediating arousal effects. Finally and most importantly, our third goal was to explore the neural correlates of emotion-related subsequent memory effects.
The study yielded three main results. Fulfilling our first goal, the agreement with beliefs task (ABT) proved both internally and externally valid, elicited significant emotional arousal (Figure 2-A) , and showed memory-related differences based on participant responses (Figure 2-C) . In pursuit of our second goal, we observed a positive relationship between increased emotional arousal during the ABT and activation of the amygdala (Figure 3 ). This finding indicates that the amygdala, a region strongly associated with emotional arousal driven by more basic stimuli, also mediates emotional arousal related to personal beliefs. Finally, achieving our third goal, we linked the subsequent memory-enhancing effects of emotional arousal in the ABT to the mPFC (Figure 4 ). This finding indicates that emotions linked to evaluation of personal beliefs enhance memory via the mPFC, a region strongly associated with self-referential processing. The three main results are discussed in separate sections below.
The ABT: Contributing to fMRI paradigms investigating emotional memory
As noted in the introduction, the majority of prior studies on the neural mechanisms of emotional evaluation and memory have ignored emotion related to personal beliefs.
Examples of the few studies that have employed such emotions include studies in which participants provided ratings of how much emotion they felt when viewing faces of politicians who share their ideology versus those that do not (Kaplan, Freedman, & Iacoboni, 2007) , or rated the reasonability of statements related to their particular ethnic group (Bruneau & Saxe, 2010) . In general, these studies have focused mostly on social questions, such as the formation of impressions or the role of ethnic or political identity, rather than on the generation of emotional arousal (but see Gozzi et al., 2010) . As noted before, emotional arousal elicited from social situations is difficult to study in the laboratory because the same event can elicit heterogeneous responses across individuals. To address this issue, the ABT task measured emotional arousal by asking participants to rate the extent to which they agreed or disagreed with socio-political issue statements, under the assumption that emotional arousal would relate to the strength of agreement or disagreement. Consistent with this assumption, a normative study showed that higher agreement intensity (strong agree/disagree judgments) was associated with higher subjective emotional arousal ratings in comparison to weak agree/disagree judgments (Figure 2-A) .
To validate our assumptions that the ABT could be used to investigate emotions generated from abstract stimuli, we carried out tests to measure both internal and external validity. As a test of internal validity, we examined whether the belief statements used in the study were truly tapping into opposing perspectives of a socio-political issue. Among participants in the normative and imaging studies, correlation analyses revealed negative relationships between agreement ratings of opposing viewpoints of the same issue. Thus, the statements adequately conveyed different perspectives of a particular socio-political issue, and participants were largely consistent with their agreement ratings through the course of the study. As a test of external validity, we examined the relationship between the self-reported political ideology of participants and the subjective agreement ratings made in response to liberal or conservative belief statements. In comparing the mean ratings provided by both groups, we found that for liberal beliefs, self-identified liberals provided higher agreement ratings than self-identified conservatives, with the reverse effect for ratings provided for conservative beliefs. While many of these findings are intuitive, they nonetheless support the notion that the beliefs used in the ABT accurately capture viewpoints across a wide range of issues that are relevant to individuals who identify with either liberal or conservative political ideologies. Taken together, these findings indicate that the ABT can contribute to the existing set of fMRI paradigms investigating emotional memory, which are dominated by the use of stimuli that have more homogenous responses across individuals.
Neural correlates of emotional arousal generated by evaluation of personal beliefs
Our second goal was to investigate the neural mechanisms of emotional arousal triggered by social situations, which we identified by comparing activity for high arousal (SA/SD) judgments vs. low arousal (WA/WD) judgments. Given a hypothesized effect in the amygdala, we focused on this region as an ROI. Confirming our hypothesis, amygdala activity was greater for SA/SD than for WA/WD judgments (Figure 3 ). This finding generalizes the link between the amygdala and emotional arousal found elsewhere in the literature (Cahill & McGaugh, 1998; Hamann, 2001; LaBar & Cabeza, 2006) to the domain of emotions triggered by personal beliefs. Whereas many studies of emotion expect to elicit similar responses to the same stimuli across participants (e.g., pictures of dangerous animals), in the case of the ABT, arousal-related amygdala responses are generated by the comparison of pre-existent personal beliefs to an external statement. The beliefs that elicited SD judgments in some participants, elicited WD or WA judgments in other participants, and vice-versa. Thus, in the ABT, amygdala activity did not track properties of the stimuli themselves but instead related to how strongly belief statements matched each participant's own viewpoint.
Although increases in amygdala activity are often associated with aversive or fearful stimuli (Phan, Wager, Taylor, & Liberzon, 2002) , a number of studies have also found that positively valenced stimuli elicit amygdala responses. Along the valence dimension, the non-linear profile of amygdala activity in the present task mirrors that of several studies exploring different dimensions of face processing. For example, while faces perceived as particularly untrustworthy were associated with increased activity in bilateral amygdala, a similar increase was also found in response to faces with the highest (vs. intermediate) trustworthiness ratings (Said, Baron, & Todorov, 2009) . A similar non-linear response in the amygdala was also found for faces with high or low attractiveness (Winston, O'Doherty, Kilner, Perrett, & Dolan, 2007) , and other work has shown that the amygdala is sensitive to general face salience (Santos, Mier, Kirsch, & Meyer-Lindenberg, 2011) or distinctiveness (Said, Dotsch, & Todorov, 2010) . Along these lines, the observed pattern of amygdala activity during the ABT may partly reflect the subjective salience of the various statement topics, which is reflected in the strength of agreement ratings. One obvious difference with these other studies is that, although aspects like attractiveness and trustworthiness have a large subjective component, views about political statements ("Thinks democracy cannot work in every country" or "Supports campaign finance reform") require more involved extraction of meaning, followed by evaluation of conceptually complex personal opinions.
To explore other regions that might be involved in the arousal dimension of ABT judgments, we performed a whole brain contrast and found greater activity for strong (SA/SD) vs. weak (WA/WD) judgments in medial/ventrolateral regions of PFC as well as in posterior superior temporal sulcus and areas of rhinal cortex adjacent to the amygdala (Table 1) . These frontal and MTL regions have been associated with episodic memory retrieval (Spaniol et al., 2009) , and one possibility is that high-arousal judgments involve the retrieval of personal memories related to the issue at question. For example, while assessing one's personal view on the use of human embryos, a participant could try to remember how they felt the last time they heard an alternative view being espoused on television, or in a personal interaction. Remembering a strong negative feeling might therefore coincide with a "strongly disagree" judgment, whereas issues eliciting intermediate judgments might be connected to fewer past experiences, limiting the influence of mnemonic retrieval in ABT judgments. Thus, although emotional arousal elicited by evaluating personal beliefs appears to share amygdala-related components with emotional arousal elicited by other types of stimuli, it likely involves additional processes that may include episodic retrieval.
In addition to potential retrieval-related processes, strong agreement/disagreement judgments in the ABT may also reflect an overall increase in self-referential processing, which is often associated with mPFC engagement (Denny, Kober, Wager, & Ochsner, 2012) . This possibility relates closely to the notion that a participant's decision on a given trial is influenced by the subjective salience of the statement. Both agree and disagree trials characterized by strong responses are likely to involve increased access to personal beliefs and increased focus on self-identity. Just as past studies have shown that accessing knowledge about the self involves mPFC (e.g., D'Argembeau et al., 2007; Kelley et al., 2002b) , the emergence of this region in the present arousal-related contrast may reflect the necessity of comparing the semantic content of statements with personal beliefs before responses can be made. In general, the finding of additional arousal components for emotions generated from abstract, complex stimuli makes intuitive sense given that such emotions are less automatic and involve greater elaboration (Knutson, Wood, Spampinato, & Grafman, 2006; Sakaki, Niki, & Mather, 2012) . Ultimately, deciding how one feels about complex issues such as embryo usage or privacy is likely to involve a more complex network in which additional interpretation of stimuli is required before affective significance takes shape.
Although our focus was on agreement intensity, we performed a whole-brain contrast for regions showing differences in agreement valence. While no regions showed stronger activity for disagree than agree trials, an area of lateral orbitofrontal cortex along with a region in ACC showed the reverse pattern. While several studies across a range of domains have reported activations for positive vs. negative stimuli in orbital (Small et al., 2003; Tsukiura & Cabeza, 2011) or medial (Dolcos et al., 2004a ) PFC, it is unclear exactly how these stimulus-driven valence effects might relate to statements expressing a viewpoint with which one agrees rather than disagrees. Meta-analyses of other literature (Denny et al., 2012; Northoff et al., 2006) have shown that various regions in frontal midline are consistently involved in tasks requiring comparisons between oneself and others. For example, the peak coordinate in ACC for the current agree vs. disagree contrast falls near that of a similar region (MNI: 18 57 9) found to be sensitive to comparisons between similar vs. dissimilar others (Mitchell et al., 2006) . This convergence makes sense, given that the self-similarity measures used by Mitchell and colleagues were based in part on shared political opinions. Although perceived similarity with the individuals accompanying ABT statements was not probed directly, it seems reasonable to assume that agreement decisions reflect a rough index of perceived self-similarity, at least along the particular dimension expressed in the statement. However, the medial frontal region sensitive to valence also extends more dorsally, and other work suggests that regions of dorsal ACC are sensitive to tasks requiring a range of social comparisons involving the self (Denny et al., 2012; Northoff et al., 2006) , including graded measurements reflecting how subjects identify with the actions attributed to other individuals (Leshikar et al., 2016) . While the ABT differs in many respects from tasks requiring an explicit comparison of self-similarity (based on shared traits or activities), the limited valence results suggest common elements with such tasks. Future research will be useful in characterizing how agreement decisions relate to non-social emotional valence effects and to the various factors that influence judgments of social similarity.
In sum, our initial set of questions yielded several results related to emotional arousal. Findings from the normative study showed that ABT decisions were in fact associated with subjective emotional arousal. Neuroimaging contrasts showed that the amygdala was sensitive to the arousal dimension of ABT responses. However, additional frontal and MTL regions also showed increased activity for high arousal judgments, consistent with the operation of additional mnemonic and self-referential processes that may have coincided with arousal differences in the ABT.
Neural mechanisms of arousal-related enhancements on subsequent memory
Our third and most important goal was to investigate the neural mechanisms supporting memory enhancement linked to belief-related arousal. Compared to arousal (WA/WD) judgments, high arousal (SA/SD) judgments yielded a larger subsequent memory effect (SME) in the mPFC (Figure 4-B) . This was the only region to show an emotional arousal effect on subsequent memory, and no areas were found for the opposite effect (greater SMEs WD/WA vs. SD/SA judgments).
The behavioral finding that memory is increased for ABT trials with higher arousal shows that the memory-enhancing power of emotions is not limited to lower-level affective features and can be triggered by evaluation of complex personal beliefs. It should not surprising that memory systems evolved to preferentially encode events associated with negative or positive emotions in the context of basic aversive or appetitive stimuli, where relevance to survival is clear (e.g., the fear of encountering a predator; the happiness of finding food). Indeed, an evolutionary account for such mnemonic benefits has been discussed in the emotional memory literature (Adolphs, Russell, & Tranel, 1999; Hamann, 2001 ). An account of preferential memory for belief-related emotions is less obvious. One possibility is that these emotions are indirectly related to survival through interactions with surrounding social groups. In the case of the ABT, remembering who agrees with us and who disagrees with us could be essential for distinguishing between friends (close to the self) and foes (others) and/or defining our position within the group. Given the scarcity of research on emotions generated from evaluating personal beliefs, it is difficult at present to address the basic question of why these emotions enhance memory.
Turning to the more tractable question of how such emotions enhance memory, the current study showed that faces paired with arousing beliefs elicited larger SMEs in mPFC ( Figure  4-B) . It is interesting that the memory-enhancing effect of emotional arousal was not found in the amygdala, which has often been reported in studies of emotional memory (Cahill & McGaugh, 1998; Hamann, 2001; LaBar & Cabeza, 2006) . This current finding is not wholly unexpected, given that past work from our lab and others has shown that differential processing across a consistent set of emotional stimuli can modulate the emotion-related encoding mechanisms (Pais-Vieira, Wing, & Cabeza, 2016; Ritchey, LaBar, & Cabeza, 2011; Talmi, Anderson, Riggs, Caplan, & Moscovitch, 2008) . Without a direct contrast between emotions generated automatically or those linked to further elaboration, it is unclear whether the lack of emotional arousal-related memory effects in the amygdala is a fundamental difference between these two types of emotions. Given the methodological differences between the current study and typical fMRI studies using basic emotional stimuli, future work would benefit from direct comparisons between different types of emotion inducing stimuli within the same subjects.
Importantly, the lack of memory-enhancing effects in the amygdala cannot be attributed to a weak emotional arousal manipulation or to low fMRI signal in this region given that the amygdala showed a significant activity difference between strong (SD/SA) and weak (WD/WA) trials independently of memory (Figure 3-B) . One possible explanation of why the amygdala did not mediate the impact of arousal on memory concerns the associative recognition format of the memory test. Most studies linking the amygdala to enhanced memory formation have focused on memory of items (e.g., words, pictures) rather than on associations between different items, such as faces and beliefs. According to one view, arousal (as elicited by survival-related emotional stimuli) can enhance binding between an object and its features (e.g., color) but not between an object and other distinct objects or background contextual information (Mather, 2007) . Consistent with this theory, there is evidence that arousal-related amygdala activity enhances the vividness of subsequent item recognition, but not context memory (Dougal, Phelps, & Davachi, 2007; Kensinger & Schacter, 2006) . In contrast, arousal-related mPFC activity in the current study was associated with better associative recognition for face-belief pairs.
The finding that arousal-related mPFC activity enhanced subsequent memory aligns with and extends many results reported across several lines of ongoing research. Specifically, our finding is consistent with results from the self-referential processing literature, which often uses trait adjective paradigms in which people describe the self-relevance of different traits or descriptions (Heatherton et al., 2006; Kelley et al., 2002) . For example, Macrae et al. (2004) found an mPFC region that showed greater activity for self-relevant vs. non-relevant adjectives and for subsequently remembered vs. forgotten adjectives (see also Benoit, Gilbert, Volle, & Burgess, 2010; Gutchess, Kensinger, & Schacter, 2010) . Our findings extend this result by showing that the relation between self-relevance and subsequent memory in mPFC is particularly sensitive to strength of agreement, and shows a non-linear pattern with respect to agreement valence. (Figure 4-B) . In related work explicitly examining source memory, Leshikar and Duarte (2012) found that mPFC activity predicted subsequent memory for object-scene pairs when participants focused on a self-related dimension (pleasantness) rather than color (Leshikar & Duarte, 2012) . Our finding, based on associative recognition performance, extends this result by showing that even within tasks like the ABT that always contain a self-related dimension, subjective appraisals (e.g. agreement intensity) can further influence mPFC contributions to relational memory.
The observed involvement of mPFC in memory formation during the ABT is also consistent with work on impression formation, which explores how processing traits or actions related to individuals shapes the development of social opinions (e.g. Cassidy, Leshikar, Shih, Aizenman, & Gutchess, 2013; Gilron & Gutchess, 2012; Mitchell, Banaji, & Macrae, 2005) . In one study, Mitchell et al. (2004) had participants associate faces with actions reflecting a personality trait (e.g., He refused to loan his extra blanket to the other campers for the "inconsiderate" trait) while focusing either on forming an impression about the person or on the temporal sequence of trial presentation (Mitchell et al., 2004) . When focusing on forming an impression, activity in dorsal mPFC region predicted associative memory for face-sentence pairs, while the hippocampus supported subsequent memory during the temporal sequence task. In fact, while hippocampal involvement in subsequent memory is evident in specific conditions within some impression formation studies (Leshikar et al., 2016) , medial frontal SMEs often appear in the absence of corresponding hippocampal SMEs (Gilron & Gutchess, 2012; Macrae et al., 2004) . Similarly, mPFC encoding effects have also been found during the processing of social vs. non-social pictures, with only the latter condition showing hippocampal SMEs (Harvey et al., 2007) . Thus, with mPFC as the only region supporting subsequent memory for strong vs. weak ABT judgments, the current results strengthen the existing link between encoding success and medial frontal areas during tasks that involve self-reference and social processing.
Beyond the role of the mPFC in self-referential processing, associative memory, and impression formation, the current finding is also related to a distinct literature regarding the contributions of mPFC to processing pre-existing knowledge or "schemas" (Knutson et al., 2006; van Kesteren et al., 2013; van Kesteren, Rijpkema, Ruiter, & Fernández, 2010; van Kesteren et al., 2012) . Citing rodent evidence (Tse et al., 2007 (Tse et al., , 2011 , a recent theory postulates that information congruent with pre-existing schemas is encoded primarily by mPFC, with incongruent information encoded primarily by the MTL (van Kesteren et al., 2012) . Consistent with this theory, greater SMEs in mPFC were found for encoding congruent object-scene pairs (e.g., tennis court -tennis racket) than for incongruent pairs (e.g., tennis court -umbrella), whereas MTL showed the opposite effect (van Kesteren et al., 2013) . Initially, the current findings seem inconsistent with this theory because, compared to intermediate beliefs, we found larger SMEs in mPFC for beliefs that were highly congruent with the self and for beliefs that were highly incongruent with the self. However, this finding can be harmonized with the schema theory given that schemas about political issues include the position one supports and the position one opposes. In this sense, having a schema about an issue would be equivalent to having a strong opinion about the issue, which is required for both SA and SD judgments. This interpretation fits with evidence from our normative study, where issue knowledge was higher for statements generating strong vs. weak agreement.
Conclusions
In order to address a relatively neglected area of the emotional memory literature, we tested a paradigm investigating emotion triggered from personal beliefs: the Agreement with Beliefs Task (ABT). The present paradigm provided measures of agreement intensity or arousal (strong vs. weak judgments) and valence (agree vs. disagree judgments) and revealed how these two factors affect subsequent associative recognition memory. The study yielded three main findings. First, behavioral results showed that the ABT is internally and externally valid and that SA/SD judgments elicited greater subjective measures of emotional arousal and better subsequent memory than WA/WD judgments. Second, fMRI analyses of the judgment phase showed that emotional arousal in the ABT (SA/SD vs. WA/WD) was associated with greater activity in the amygdala, as well regions of PFC. This finding indicates shared emotional arousal mechanisms for social-and non-social triggers of affect and suggests additional processes involved in arousal-related judgments for complex stimuli. Finally, and most importantly to the present investigation, subsequent memory analyses showed that arousal yielded SMEs in the mPFC but not in the amygdala. This finding is consistent with evidence linking the mPFC to self-referential processing, subsequent associative memory formation, and an increasingly apparent role in the encoding of socially relevant information.
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